Density-functional theory ͑DFT͒ calculations of indirect nuclear magnetic resonance spin-spin coupling tensors J, with the anisotropic but symmetric parts being the particular concern, are carried out for a series of molecules with the linear response ͑LR͒ method. For the first time, the anisotropic components of J are reported for a hybrid functional. Spin-spin tensors calculated using the local density approximation ͑LDA͒, the gradient-corrected Becke-Lee-Yang-Parr ͑BLYP͒ functional, and the hybrid three-parameter BLYP ͑B3LYP͒ functional are compared with previous ab initio multiconfiguration self-consistent-field ͑MCSCF͒ LR results and experimental data. In general, the B3LYP functional provides reasonable accuracy not only for the isotropic coupling constants but also for the anisotropic components of J, with the results improving in the sequence LDA →BLYP→B3LYP. Error cancellation often improves the total DFT spin-spin coupling when the magnitude of the paramagnetic spin-orbit contribution is overestimated, or when the spin-dipole ͑SD͒ and Fermi-contact ͑FC͒ contributions are far from the MCSCF values. For the 19 F nucleus, known to be difficult for DFT, the anisotropic properties of heteronuclear, in particular 19 F 13 C couplings are often more accurate than the poorly described isotropic coupling constants. This happens since the FC contribution is small at fluorine compared with carbon, leading to a small error in the total SD/FC term. With the recent implementation of the hybrid B3LYP functional, calculations of predictive quality for the J tensors are no longer restricted to small model molecules, opening up the possibility of studying the anisotropic components of J in large organic and biomolecules of experimental interest.
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I. INTRODUCTION
The indirect spin-spin coupling tensor between the magnetic nuclei K and L,
is one of the main parameters determining the nuclear magnetic resonance ͑NMR͒ spectrum. [1] [2] [3] [4] In isotropic liquids and gases, the only spin-spin coupling observable is the coupling constant, Jϭ 1 3 Tr J. In anisotropic environments such as liquid crystals and solids, the second-rank symmetric tensorial part J S also has an effect on the spectrum. [5] [6] [7] The role of the antisymmetric, rank-1 part J A has been discussed 8,9 but so far not experimentally observed ͑see also Ref. 10͒ .
The spin-spin coupling tensor J is a second-order molecular property corresponding to the second derivative of the total electronic energy with respect to the nuclear magnetic moments of the coupled nuclei. 4 From the point of view of theoretical calculations, it differs from many other secondorder properties in being more computationally demanding. 11 First, there are several contributing physical mechanisms that are highly dependent on the quality of the wave function near and at the nuclei; second, some of the mechanisms involve triplet perturbation operators; third, there are a large number of response equations to be solved for each magnetic nucleus. Hence, qualitatively correct results call for postHartree-Fock methods that include electron correlation and do not suffer from triplet instability. 11 where ␥ K is the nuclear gyromagnetic ratio. The J tensor can be calculated as the second derivative of the perturbed electronic energy with respect to the nuclear spins as ͑in units of Hz͒
Here K is the reduced spin-spin coupling tensor usually reported in units of 10 19 T 2 J Ϫ1 . Since it describes the magnitude of the pure electronic coupling without the nuclear factors, it is particularly useful for comparing couplings between different elements and isotopes.
In the nonrelativistic theory of Ramsey, 4,5 the nuclear spins are coupled by four distinct interactions, giving rise to five different contributions to the coupling tensor: 
͑4͒
The diamagnetic nuclear-spin-electron-orbit ͑DSO͒ contribution is a ground-state expectation value of the DSO operator, bilinear in I K and I L :
The remaining four paramagnetic terms in Eq. ͑4͒ can be calculated as linear response functions of the corresponding perturbation operators, 12 each of which is linear in the nuclear spins: The purely zeroth-rank Fermi-contact ͑FC͒ term is isotropic and usually gives the most important contribution to J. Likewise, the purely second-rank spin-dipole/Fermi-contact ͑SD/ FC͒ cross term usually dominates the anisotropic part J S . By contrast, the paramagnetic nuclear-spin-electron-orbit ͑PSO͒ and spin-dipole ͑SD͒ mechanisms, as well as the DSO mechanism, contribute to all the rank-0, -1, and -2 parts of J.
The rank-0 and -2 contributions can be presented either in the principal axis system ͑PAS͒ or in a molecule-fixed frame common to all tensors. The former way, defined by the principal values and the directions of the principal axes, is conventional in solid state NMR, whereas the molecule-fixed frame is usually used in liquid-crystal ͑LC͒ NMR. There, the observable corresponding to J S is denoted as J aniso . 6, 7 The anisotropy of the tensor
and, in certain point-group symmetries, the asymmetry parameter
enter the expression of J aniso . Here, the z axis is parallel with the principal molecular symmetry axis. Other combinations of tensor elements may also contribute when the molecular symmetry is low. 6 The experimentally observable anisotropic coupling,
aniso , contains the direct bare-nucleus dipoledipole coupling D KL ͑carrying information about the internuclear KL distance͒ as well as the indirect electronic coupling J KL aniso . 6 To extract structural information from D KL exp , J KL aniso must be known. Accurate calculations of the full J KL tensors-not just their isotropic parts-are therefore important.
B. DFT calculations
The DFT calculations were carried out by using a local version of the DALTON quantum chemistry program 42 with a recent DFT implementation of NMR spin-spin couplings. 36 Three exchange-correlation functionals were used: LDA, GGA ͑BLYP͒, and hybrid ͑B3LYP͒. We have used the same geometries as in the previous 10, [17] [18] [19] [20] [21] [22] [23] [24] 27 and present 41 MCSCF studies. The basis sets are the same as in the best calculations of the cited works. Details of the geometries and basis sets are given in Table I .
In many cases, the segmented basis sets of Huzinaga, 43 as contracted and polarized by Kutzelnigg et al., 44 were used. Because of their special contraction scheme, 45, 46 these compact basis sets ͑denoted HII, HIII, and HIV͒ have been found to be particularly useful for spin-spin calculations.
While the small HII set provides qualitatively correct J tensors, quantitative accuracy is reached with the HIII and HIV sets augmented with tight primitives. By contrast, the correlation-consistent valence sets cc-pVXZ with 2рXр6 47, 48 and their augmented counterparts aug-cc-pVXZ 48 converge slowly for spin-spin couplings because of insufficient flexibility in the core region. 46 For the correlation-consistent core-valence basis sets cc-pCVXZ, 47, 49 the situation is again different as the basis is well-converged already at the quadruple-zeta cc-pCVQZ level.
In the presentation of the results, the molecular axis frame is fixed and the anisotropic properties are defined as in the original papers. In most cases, this means that the z axis is along the principal molecular symmetry axis, although PAS is used for the molecules in Ref. 17 . These choices are made to simplify the comparison of the DFT calculations with the previously reported MCSCF results.
C. The quality of the MCSCF reference data
For a complete specification of the MCSCF wave functions, we refer to the original papers and Table S2 in supplementary material obtainable from EPAPS. 50 Here we restrict ourselves to some general comments.
The active spaces for HCN, HNC, CH 3 CN, CH 3 NC, 17 and C 6 H 4 F 2 ͑Ref. 21͒ are of the multireference restrictedactive-space ͑RAS͒ 51 type, with small RAS3 virtualexcitation orbital spaces. For these molecules, therefore, dynamical correlation is only partly recovered. 17, 21 This is also true for C 6 H 6 , where the CC coupling tensors were calculated with a small multireference RAS wave function and the CH tensors with a complete-active-space ͑CAS͒ wave function. 18 Similarly, the small CAS expansions used for the diatomic molecules in Ref. 24 and the small single-reference RAS expansion used for OF 2 and ClF 3 in Ref. 10 can only be expected to provide qualitative results.
The single-reference RAS active space used for HCONH 2 was quite large but nevertheless allowed only single and double excitations into the virtual orbital space. 19 The lack of higher excitations may compromise the accuracy, although the results are quite well converged in the sequence of calculations presented in Ref. 19 . For the singly bonded systems C 2 H 6 , 20 CH 3 SiH 3 , 22 and CH 4Ϫn F n (nϭ1,2,3), 23 static correlation is unimportant close to the equilibrium geometry. Therefore, the large single-reference RAS wave functions used for these molecules should provide highquality tensors. Likewise, the large multireference RAS treatments of the doubly and triply bonded C 2 H 4 , and C 2 H 2 should be quite accurate. 20 Finally, the large multireference RAS functions used for FHF Ϫ in the present work and for the first-row hydrides 27 as well as the large single-reference RAS wave functions correlating also the semicore orbitals for second-row hydrides in Ref. 27 should ensure high quality of the calculated J.
The present DFT results are compared also with experimental data, which contain relativistic, rovibrational, and solvent contributions. These contributions are not recovered by the DFT and MCSCF calculations discussed in this paper.
III. RESULTS AND DISCUSSION
In this section, we compare the DFT, MCSCF, and experimental results of the CC, FF, FC, CH, HH, FX, and other spin-spin coupling tensors in turn, and comment finally on the DFT performance in general. For brevity, we have listed the contributions from the different mechanisms to the J tensors only for the anisotropic components. Tables including all the individual contributions to the CC, FF, FC, CH, and HH isotropic coupling constants as well as the contributions to the anisotropic components of CH and HH coupling tensors, are obtainable as supplementary material from EPAPS 50 ͑see Tables S3-S7͒ .
A. CC spin-spin coupling tensors
The DFT J CC tensors and their contributions are compared with MCSCF and experimental data in Table II . The isotropic couplings J CC are usually well described by BLYP and B3LYP, the latter being the slightly better functional. Except in C 2 H 2 , the total J CC are either as good as or better than the MCSCF values-notably for benzene, where compromises in the ab initio work had to be made. 18 This is an excellent result in the sense that, for the simple hydrocarbons, the MCSCF wave functions are in fact quite accurate. 20 The main differences in the total J between DFT and MCSCF-in particular, the overestimation by B3LYP for C 2 H 2 and the usual underestimation by LDA-arise from J FC , the other contributions being similar for the different methods ͑see Table S3͒ . For C 2 H 6 , the slightly smaller J FC obtained with B3LYP gives a total coupling that is closer to the experimental value than with MCSCF. For CH 3 CN and C 6 H 6 , the B3LYP results are much closer to experiment than are the previous small-RAS MCSCF results, suggesting that B3LYP is also better for CH 3 NC. 17, 18 MCSCF theory overestimates the magnitude of J FC in C 6 H 6 , probably because of the small number of active orbitals. 18 The results for the anisotropic part of the spin-spin couplings improve in the sequence LDA→BLYP→B3LYP. B3LYP is the only functional that gives the correct sign for
For ⌬J CC in CH 3 NC and CH 3 CN, the results obtained with the B3LYP functional and with a small MCSCF wave function are almost identical. However, DFT overestimates the PSO and SD contributions to ⌬ 1 J CC and 1 J CC,zz in C 2 H 4 and, in particular, to ⌬ 1 J CC in C 2 H 2 . We recall that high-quality MCSCF wave functions are used for the simple hydrocarbons.
For the anisotropic couplings in C 6 H 6 , the situation is not as clear as for the isotropic couplings. For the meta and para couplings, the B3LYP values are a bit closer to experiment than are the MCSCF values, due to the smaller ⌬J SD/FC . For the ortho coupling, on the other hand, B3LYP is much further away from experiment than is MCSCF, because of a negative ⌬J SD/FC with B3LYP. However, since the experimental uncertainties are large for the anisotropic components, and since ⌬J SD/FC may be overestimated by MC-SCF ͑due to the insufficient treatment of electron correlation͒, we cannot rule out a near-zero or even negative true value of ⌬ 1 J CC SD/FC . In short, whereas LDA fails to produce reliable J CC , BLYP works satisfactorily in nearly all cases. However, B3LYP is generally the most accurate functional for the PSO, FC, SD, and SD/FC contributions, resulting in the best total J CC . For all functionals, the description of these paramagnetic contributions deteriorates for couplings over multiple bonds. Overall, the B3LYP carbon-carbon tensors are similar to the MCSCF tensors whenever the latter approach has been pursued far enough ͑e.g., simple hydrocarbons͒. How-ever, the B3LYP results are superior to the MCSCF results in large systems such as CH 3 CN, CH 3 NC, and C 6 H 6 , where it is difficult to correlate enough electrons in sufficiently large MCSCF spaces.
B. FF spin-spin coupling tensors
The DFT fluorine-fluorine tensors J FF and their contributions are compared with MCSCF and experimental data in Table III . For J FF , the LDA→BLYP→B3LYP improvement is evident. Even though DFT strongly overestimates the magnitudes of J FF PSO and J FF SD ͑see Table S4͒ , the total J FF coupling is-in accordance with previous experience 28 -30,36 We now turn our attention to the anisotropic fluorinefluorine couplings. Occasional apparently good total LDA values of the anisotropic components occur by error cancellation. In general, however, the B3LYP functional performs best. The B3LYP overestimation of the magnitude of the PSO term is even more pronounced than for the isotropic couplings, producing, in combination with the overestimated ⌬J Although the improvement in the sequence LDA →BLYP→B3LYP is quite pronounced for J FF , fluorine clearly poses a problem for the present functionals. Even for a fairly large system such as p-C 6 H 4 F 2 , a simple MCSCF wave function is superior to B3LYP in comparison with experiment. In some cases, however, error cancellation between the PSO contribution and the other paramagnetic contributions reduces the B3LYP error. The B3LYP anisotropic couplings are therefore potentially useful-in particular, for large systems, for which accurate MCSCF calculations are not feasible. 
C. FC spin-spin coupling tensors
The DFT J FC tensor and its contributions are compared with MCSCF and experimental data in Table IV tensors. The SD͑F͒/FC͑C͒ term usually dominates the SD/FC contribution. The results for n J FF indicated that the terms involving the FC interaction on fluorine are poorly represented by DFT. The errors in the anisotropic components of n J FC are smaller than in n J FC simply because the relative contribution of the difficult SD͑C͒/FC͑F͒ term is small. In p-C 6 H 4 F 2 , the anisotropic components where SD͑F͒/FC͑C͒ does not dominate are correspondingly further away from the MCSCF results.
For C 6 H 6 and p-C 6 H 4 F 2 , the MCSCF calculations of the difficult FC and SD/FC contributions are not fully converged with respect to the correlation treatment, unlike for the fluoromethanes. Nevertheless, the MCSCF results provide good reference values for the simpler DSO, PSO, and SD contributions. Furthermore, since the MCSCF tensors were used as input for the analysis of the experimental spectra of p-C 6 H 4 F 2 , 21 some bias towards the MCSCF values may exist in the experimental anisotropic components for this system. As the B3LYP results for n J FC (nϾ1) tensors of p-C 6 H 4 F 2 can be considered to be at least of the MCSCF accuracy, the one-bond FC coupling tensor remains the troublesome case for DFT.
D. CH and HH spin-spin coupling tensors
The anisotopic components of J S for the CH and HH coupling tensors are usually negligible in experimental investigations of molecular structure and orientation 6, 7 and there is an almost complete lack of experimental anisotropic data. We have therefore only listed the calculated data in Tables S6 and S7 of the supplementary material. 50 The performance of DFT is in general very satisfactory for the CH and HH coupling tensors. The B3LYP isotropic couplings are often closer to the experimental values than are the MCSCF couplings, in particular for large systems such as C 6 H 6 , for which only modest CAS results were reported for J CH . 18 The ⌬J should therefore also be more accurate.
For the anisotropic components of n J CH and n J HH , B3LYP is clearly the most accurate functional; BLYP results are almost equal, whereas LDA is further off. In the case of CH 3 SiH 3 , the n J CH tensors from expensive RAS calculations are either reproduced or surpassed in quality by DFT. The only molecule where DFT clearly underestimates the J CH tensor is CHF 3 . This coupling may be indirectly affected by the same problems as the fluorine coupling tensors in this molecule.
In CH 2 F 2 , the 2 J HH sign is opposite to and the anisotropic components similar to high-quality MCSCF results 23 
͓
2 J HH ϭϪ0.7 Hz ͑MCSCF͒ and 2.6 Hz ͑B3LYP͒, ⌬ 2 J HH ϭ6.1 Hz ͑MCSCF͒ and 6.2 Hz ͑B3LYP͒, and 2 J HH,zz ϭ16.7 Hz ͑MCSCF͒ and 15.6 Hz ͑B3LYP͔͒. In CH 3 SiH 3 , the semicore orbitals have not been included in the active space. 22 This has been shown to be necessary for accurate MCSCF calculations of J for second-row elements. 27 This may in part explain why the value of 2 J HH(Si) obtained from the DFT calculation ͓6.0 Hz ͑B3LYP͔͒ ͑which correlates all electrons͒ is more than twice the MCSCF value ͑2.5 Hz͒. The 2 J HH coupling in HCONH 2 is the only clear example where DFT ͓7.7 Hz ͑B3LYP͔͒ differs significantly from both MCSCF ͑3.8 Hz͒ and experimental data ͑2.2 Hz͒, 19 due to the small negative tensor component perpendicular to the molecular plane.
E. FX spin-spin coupling tensors
The total values of the components of the K FX tensors ͑except the FF and FC tensors͒ are listed in Table V . The 27, 41 In this case, the PSO error is not large enough to cancel the FC and SD/FC errors, respectively.
The reference MCSCF values for the diatomic XF molecules ͑other than HF͒ are calculated at the CAS level, 10 thus necessarily with an active space that does not recover much dynamical correlation. Still, the agreement between DFT and MCSCF is very satisfactory-in many cases, there is no experiment to compare with. Although the performance of DFT relative to experiment or MCSCF is good for the coupling constants in LiF, AlF, and KF, ⌬K is still quite far off. This behavior is different from 1 J FC , where ⌬J is more accurate than J. However, for all diatomics, ⌬K has the same sign as in MCSCF theory. 10 In ClF, both atoms carry lone pairs, as reflected in an overestimation of the K ClF PSO terms. Since the FC contributions are also quite small, DFT fails to reproduce n K ClF , as we would expect for all halogen-halogen couplings. The situation is not much better for 1 K FO , although the isotropic 1 K FO is quite close to the MCSCF result obtained with a small active space. 24 The anisotropic components are too large. Calculations of isotropic couplings have been reported by Patchkovskii, Autschbach, and Ziegler, using the selfinteraction correction ͑SIC͒ at the LDA level. 54 These authors demonstrated that J PSO ͑as well as nuclear shielding constants, which are theoretically similar to J PSO ) can be improved by the SIC. Hence, the SIC could also improve the present DFT results when the PSO term is large, as in J FC and J FF . The J FC term was not improved by the SIC as implemented in Ref. 54 .
F. Other spin-spin coupling tensors
The total values of the properties of a selection of K XY coupling tensors are listed in Table VI . Whereas ⌬K is much better in HCl than in HF, the isotropic K exhibits the same problems as in HF. For K and ⌬K between alkali atoms, the agreement with the CAS values 10 is qualitative. However, the experimental values are quite far away from all methods.
For K NC and K NH , the agreement with a modest RASSCF wave function is satisfactory. 17 For K, B3LYP is mostly closer to experiment than MCSCF; for ⌬ 1 K NC , DFT gives slightly larger values than does MCSCF. Both DFT and MCSCF underestimate ⌬ 2 K NC in CH 3 CN, perhaps indicating a need to revisit the experiment for this molecule.
The B3LYP result for 1 K SiH is at least as accurate as that of a demanding RAS calculation, 22 while B3LYP is clearly 19 In the case of 1 K NC , DFT is closer to experiment. The largest differences are in 1 K OC and 2 K ON . As usual, all parameters improve in the sequence LDA→BLYP→B3LYP. In simple first-and second-row hydrides, the 1 K XH coupling is reproduced fairly well by B3LYP when compared with the results of large RAS calculations with the semicore correlated.
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G. Comment on the DFT performance
In the present comparison of DFT and MCSCF, one should keep in mind that the DFT results are often closer to the experimental values than the MCSCF results. In addition, there are uncertainties related to the neglect of rovibrational and solvent contributions. Hence, a comparison with MC-SCF does not directly address the accuracy of DFT. However, an advantage of ab initio theory is the ability-in principle, at least-to monitor the convergence of the different spin-spin contributions with respect to basis-set and correlation treatment. From such a convergence study, one may determine whether or not a given DFT result is right for the right reason. Most of the present MCSCF data is useful in this way.
In most cases, the errors of DFT arise from a failure to describe the dominant FC contribution. In addition, the PSO contribution is quite sensitive to the choice of functional. In such cases, an overall good value of the property sometimes arises fortuitously from error cancellation between the PSO and FC contributions ͑or SD/FC for the anisotropic components͒.
IV. CONCLUSIONS
We have compared the performance of the densityfunctional linear response ͑DFT LR͒ and ab initio multiconfiguration self-consistent-field linear response ͑MCSCF LR͒ methods for the calculation of all the nonrelativistic contributions to the diagonal and symmetric off-diagonal parts of indirect NMR spin-spin coupling tensors. Comparisons were also made with the existing experimental data. The DFT LR method was tested using the LDA, BLYP, and B3LYP exchange-correlation functionals at the same geometries and using the same basis sets as in the present (FHF Ϫ ) and previous ͑other molecules͒ MCSCF LR calculations. The purpose of the work was to evaluate the DFT LR and, in particular, hybrid DFT performance for the anisotropic properties of the J tensors. Hybrid functionals were tested for the first time in this sense.
For the investigated main-group systems, B3LYP performs better than BLYP and in particular LDA. For J CC , J CH , and J HH , the accuracy of B3LYP is similar to that of the more computationally demanding MCSCF method. Indeed, for these couplings, one has to make a great effort with MCSCF theory to surpass the quality of the B3LYP results. Also, for couplings to N or Si, DFT provides quantitative results for both isotropic and anisotropic couplings. The great advantage of DFT over MCSCF is that it provides the same accuracy at a lower cost.
Couplings to fluorine are difficult for DFT with the currently available functionals, including hybrid functionals. For this particular atom, the description of the spin density at the nucleus causes problems for the Fermi-contact ͑FC͒ perturbation. Occasionally, the paramagnetic spin-orbit ͑PSO͒ contribution is also inaccurate.
For the anisotropic FC couplings, we have considered separately the two contributions to the SD/FC interaction. In heteronuclear couplings such as J FC , the inaccurate SD͑C͒/ FC͑F͒ term ͑with FC at fluorine͒ gives only a small contribution and the total coupling is dominated by the accurately calculated SD͑F͒/FC͑C͒ term. Consequently, an accuracy better than for the isotropic coupling is attained. Error cancellation between the PSO, SD, and FC ͑SD/FC for the anisotropic components͒ terms can fortuitously give rise to accurate results-for example, for the anisotropic components of J FF . Couplings to Cl indicate that other halogens may also present a challenge to DFT.
To summarize, DFT with the B3LYP functional has been shown to be a very efficient method, which often provides sufficient accuracy for the anisotropic components of NMR spin-spin coupling tensors. However, as there is no systematic way to improve the correlation treatment beyond the current exchange-correlation functionals, some caution should be exercised. In particular, for systems containing atoms with many lone pairs such as halogens, the present functionals are far from satisfactory. 
